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Plasma broadening of Ne 11—Ne vl and F Iv—F v spectral lines

N. I. Uzelac, * S. Glenzer, N. Konjevic, t J. D. Hey, ~ and H.-J. Kunze
Institut fur Experimentalphysik U, Ruhr Uni-uersitat, $680 Bochum, Germany

(Received 9 July 1992)

The Stark widths of 38-3p and 3p-3d transitions of

Ne'er,

Nett?, Nerv, Ne v, Ne vj:, F rv, and F v
have been measured in the plasma of a gas-liner pinch discharge. The plasma parameters were
determined from 90' Thomson scattering. Some of the measured Stark widths for Neer, Neith, and
NeIv lines are in good agreement with other experimental data. The results of three independent
theoretical calculations are used for comparison with the measured widths. A growing discrepancy
between theoretical and experimental results with increasing ionization is detected.

PACS number(s): 52.70.Kz, 32.70.Jz

I. INTRODUCTION

A large number of experimental papers is devoted to
the study of Stark broadening of spectral lines (see, e.g. ,
Ref. [1] and references therein). Unfortunately, most of
the reported data relate to spectral lines of neutral atoms
and positive ions of low ionization stages. In order to
test various theoretical approximations, however, there is
an urgent need for reliable experimental data for higher
ionization stages.

Furthermore, a systematic discrepancy between theory
and experiment which increases with ionization stage has
recently been detected for the 3s zS—3p P' transitions
of the Li-like ions C IV, N V, 0 VI, and Ne VIII [2]. In or-
der to test this result, we have performed a systematic
experimental study of analogous lines from low (singly
ionized) to higher ionization stages (up to five times ion-
ized neon). Isoelectronic transitions of F Iv and F v are
also studied.

Some of the investigated lines of Ne are potential can-
didates for laser transitions [3—6]. Therefore, the knowl-
edge of the Stark broadening parameters for these lines
is needed for calculations of radiative transfer in plasma
sources of interest as active laser media.

II. THEORETICAL STARK WIDTHS

For the calculation of theoretical Stark widths a semi-
classical approximation [Eq. (526) of Ref. [7]], a semiem-
pirical formula plus modification [Eqs. (7)—(9) of Ref.
[8]] put forth by Dimitrijevic and Konjevic (DK) and
a classical-path approximation, which will be discussed
in Inore detail below, have been used. Data for energy
levels, where available, are taken from Refs. [9—12].

The first two theoretical models are derived for ap-
plication to higher ionization stages (doubly, triply ion-
ized, etc.), but for the sake of consistency, the modified
semiempirical formula [8] has been used for the calcula-
tion of Ne rt Stark widths, too.

Ion broadening by quadrupole interactions [Eq. 218(a)
of Ref. [7]] is found to be of the order of 10% for our
experimental conditions and we did not include this con-
tribution in the linewidth since it is poorly known.

In the classical-path calculations of Hey and Breger for
electron perturbers, denoted HB later in this paper, the
effective Gaunt factors are determined within the impact
approximation [13—16] without the use of semiempirical
data. The main details of this method, which is derived
for hyperbolic perturber trajectories of arbitrary curva-
ture, have been described in the literature [17—20] (there
denoted as Method I), and the computer program de-
veloped by Breger [21, 22] has been modified in order
to improve the precision of the adiabatic cutoff to the
impact parameter at the upper limit [16] as well as the
method of averaging over the strong collision contribu-
tions. The need for upper and lower cutoffs to the im-
pact parameter in these calculations is discussed below.
Strong collision contributions are included for both up-
per and lower states of each line, but the upper-lower
state interference term is set equal to zero. Another ap-
proach, which allows for the effects of adiabaticity and
trajectory curvature without introducing an upper cutoff
to the impact parameter, is described in Sec. II.3d of Ref.
[7].

For each spectral line, a sufBciently complete set of
perturbing levels (typically 40—90 per line) was prepared
with the aid of available atomic data [9—12]. In order to
achieve satisfactory values of the completeness parame-
ter [17—21] (over 90%) for both the upper and the lower
levels, many deficiencies in the published energy-level
schemes [9—12] were supplemented with the aid of simple
quantum-defect estimates or interpolations from isoelec-
tronic ions. For reasons of speed and efficiency, all radial
transition integrals have been evaluated by the Coulomb
approximation [23], terms with equivalent outer (optical)
electrons playing a very minor role in the broadening. By
far the best energy-level data are now available for Ne III
[12], while serious omissions still exist for the higher ion-
ization stages. Possible errors in the estimation of the
positions of many missing levels are one obvious source
of inaccuracy in the calculations, since a comparatively
small number of collision-induced transitions plays a ma-
jor role in determining both the weak and the strong con-
tributions to the linewidth [24, 25]. This in turn means
that atomic structure effects for the radiator, such as
configuration interaction [18, 26] and the transition from
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pure LS to intermediate coupling [27—30], both of which
are clearly evident in the comprehensive description of
the Ne?ti atomic system [12], could inHuence the broad-
ening through the line strengths which are contained in
the expressions for the relevant collision strengths. Par-
ticularly useful in assessing such effects are the calculated
purities of the LS level assignments in Ref. [12]. From
these it could be shown that, while they certainly affect
the outcome of the present work, the uncertainties caused
by the simplification of treating the Neiii ion as purely
LS coupled were reduced through the sum rules to a few
percent. On the other hand, deviations from LS cou-
pling are so serious in all but the 8-p transitions in

Ne'er

[31] that these cannot simply be ruled out as unirnpor-
tant in accounting, to some extent, for the discrepancies
evident in Table I (see Sec. IV). (The description of the
3p-3d transitions in the Nevi table of Ref. [32] was also
found to be in conflict with the measured intensity ratios
in the present experiment. ) Information of sufiiciently
good quality is too fragmentary for most of the remain-
ing ions to enable an assessment of the influence of such
radiator structural effects to be made.

We turn now to a consideration of the effective Gaunt
factor approximation for the calculation of weak collision
contributions to the broadening. Its use implies that only
the optically allowed collision-induced transitions (direct
terms, without exchange) are included in the summation
over the set of perturbing levels, the line strengths (as
noted above) being evaluated in this work in pure LS
coupling. A useful assessment of this approximation is
presented in Ref. [33], while its accuracy at high per-
turber energies has been demonstrated by Seaton [34],
whose expression for the Bethe limit coincides with that
in the present work [17—20]. The use of this approxima-
tion is more problematic at lower energies, particularly in
the evaluation of the elastic contributions to the broad-
ening, which are obtained by application of the formulas
in the energy region below threshold [35]. Although, in
general, conformity with the quantum-mechanical pre-
scription of Gailitis is achieved [36, 37], such extrapo-
lation of classical-path formulas cannot be expected to
represent an accurate average over the important below-
threshold resonances. Useful insight into this question
may be obtained from discussions in connection with
the close-coupling calculations of Barnes [38] and Seaton
[39—41], as well as the distorted-wave calculations of Hey
and Blaha [28]. It is interesting to note, however, that in
earlier comparisons between semiempirical [35, 42] and
classical-path calculations [43] and measurements, the
average agreement between calculation and experiment
did not appear to depend strongly on the relative parti-
tion of the weak collision contributions into elastic and
inelastic parts.

Finally, we comment briefly on the range of the im-
pact parameter used in the calculations. The need for a
lower cutoff arises on three grounds: in order to prevent
violation of the classical-path assumption by quantum
diffraction effects, the requirement that the monopole-
dipole approximation for the perturbation potential re-
main valid, and the necessity to conserve flux in the scat-
tering process (i.e. , unitarity) [7, 17—21]. There are two

possible grounds for the upper cutoff in our calculations:
adiabaticity and Debye shielding. The first would ap-
ply when the time dependence of the interaction is too
slow to induce atomic transitions, and where the atom
would merely respond adiabatically to the changing per-
turber field [16]. This cutoff also ensures that it is valid
to replace the classical-path perturbation Hamiltonian in
the interaction picture by the simpler form as derived for
the laboratory frame [17—20]. The possibility that Debye
shielding provide a more stringent cutoff is examined in
Ref. [20]. From Eqs. (34)—(36) of Ref. [20], one finds that
the need to modify the upper cutoff as a result of Debye
shielding should not arise for the lines under considera-
tion until electron densities of some 5 x 10 cm 3 are at-
tained. The various expressions for the impact parameter
cutoffs are derived for hyperbolic perturber trajectories
of arbitrary curvature [17—21].

III. EXPERIMENT

A. Plasma source

The line profiles were investigated on the gas-liner
pinch device developed at the Ruhr-Universitat Bochum
[44—46]. It resembles a large-aspect-ratio z pinch charac-
terized by two independent gas-inlet systems. The first
gas, the so-called driver gas (in our case hydrogen), is
introduced through a fast-acting electromagnetic valve
with an annular nozzle to form a hollow gas cylinder near
the wall. When a ll. l-pF capacitor bank (25—35 kV) is
discharged through the preionized gas (for preionization
a 50-nF capacitor charged to 20 kV is discharged through
50 annularly mounted needles), a compressed plasma col-
umn results, 1—2 cm in diameter and 5 cm long.

Neon or a 10% mixture of SFs in hydrogen, called the
test gas, is injected with the second fast valve system
along the axis of the discharge tube. When the valves
and the discharge are properly timed, the test gas is con-
centrated in the central part of the discharge where the
plasma is rather homogeneous. In this way there are no
cold boundary layers of the investigated test gas; this al-
lows side-on observations through four ports in the mid-
plane of the discharge tube without application of an
Abel inversion process.

The features of the plasma source depend critically on
the amounts of driver and test gas and their injection dur-
ing the time of plasma generation; for this reason several
discharge conditions had to be used for diff'erent ionic
species. Plasma parameters reached on the axis of the
discharge in the present experiments were between 0.94 (
N, &285x10 cm 3and73x10 (T, &3x10 K.
For this range of plasma parameters no self-absorption
of the investigated lines was detected, as was checked by
comparing spectral line intensities within multiplets with
known line ratios [32, 47].

B. Plasma spectroscopy

The experimental setup is shown in Ref. [47], and only
a few details are given here.
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The radiation from the plasma is imaged onto the en-
trance slit (50 pm wide) of a 1-m monochromator (Spex
model 1704) with 1:1 magnification and f/12 collection
optics. The detector head of the optical multichannel
analyzer (OMA II) was mounted in the exit plane of
the monochromator, and was operated in the pulse mode
with a gate duration of 30 ns.

A 2400-lines/mm plane grating blazed at the wave-
length of 240 nm, with reciprocal linear dispersion of
0.0102 nm/pixel in the first order, was used for recording
NeIII —NevI spectral lines. For the investigation of NerI
lines we employed a grating with 1200 lines/mm, blazed
at 1000 nm, using it in the third order, with a linear
reciprocal dispersion of 0.0060 nm/pixel. For recording
F lv, F v, and some Ne?Il spectral lines we used the same
1200 lines/mm grating in fourth order with a linear re-
ciprocal dispersion of 0.0041 nm/pixel. Contributions to
the line profiles from other orders could be eliminated
using filters (UG5 and glass).

The wavelength sensitivity dependence of the detection
system was calibrated for each wavelength range under
investigation using a standard tungsten lamp, smoothing
the averaged recorded spectra by the procedure of adap-
tive smoothing [48]. The wavelength calibration was done
utilizing a Hg spectral lamp and Fe and Al hollow cath-
ode lamps. The recorded apparatus profile of the detec-
tion system had a full width at half maximum (FWHM)
of 4—5 pixels. Its contribution to the recorded profile was
taken into account, as shown below.

For testing the reproducibility of the discharge the
plasma continuum radiation at 520 nm was monitored
with a photomultiplier mounted at the exit slit of a 4-m
monochromator. This signal was also used to control and
to set the OMA gate and the time of the laser pulse to
different phases of the discharge.

For obtaining spectra of different ionization stages it
was necessary to change the combination of plasma pa-
rameters by varying the discharge parameters, and then
to adjust the time of observation during the discharge to
the optimum appearance of the investigated lines.

Checks had been made to make sure that the line ra-
diation under investigation was emitted from the central
part of the plasma with a homogeneous distribution of
parameters; the procedure has been discussed in Ref. [2].

Line profiles recorded for the same plasma condition
were averaged in order to improve the signal-to-noise ra-
tio, and they were fitted by a Voigt function employing
a least-square fitting procedure [49]. The Voigt function
was the convolution of the measured apparatus profile, a
Doppler profile calculated for the measured ion tempera-
ture, and a Lorentzian function with variable parameters
for the Stark broadening. The fitting procedure included
also variation of the continuum. Figure 1 shows two ex-
amples of profiles of recorded spectral lines along with
their fits. The contributions of Doppler and apparatus
widths to the overall widths of the spectral lines under
investigation were between 10' and 30%.

Spectra obtained from discharges without test gas were
used to eliminate the effects of impurity lines which did
not originate from test ions. Multiplet components were
fitted by independent profiles and their intensity ratios
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FIG. 1. Examples of recorded line spectra; . , measured;
—,Voigt function best fit. (a) Neiv, (b) Fiv. Electron densi-
ties and temperatures are obtained from Thomson scattering.
The background is indicative of the high continuum radiation.

showed that no appreciable self-absorption of the inves-
tigated lines was present.

C. Plasma diagnostics

Electron densities and ion temperatures on the axis of
the plasma were determined by 90' Thomson scattering
[50]. An improved procedure of evaluating the Thomson
scattering spectra was used, which is described in Ref.
[2]. The Thomson scattering spectra were recorded with
the detection system described above, using the 1200-
lines/mm grating in second order (with the linear recip-
rocal dispersion of 0.0063 nm/pixel).



3626 UZELAC, GLENZER, KONJEVIC, HEY, AND KUNZE 47

IV. RESULTS AND DISCUSSION

Experimental results for the Stark widths (FWHM)
ug~ of Ne ii—Ne vi and F iv—Fv lines are given in Table I
together with plasma parameters and estimated errors for
the various measured quantities. Stated uncertainties for
electron densities and temperatures are rms values. Ta-
ble I contains also spectroscopic data for the investigated
lines and comparisons with theoretical results. The theo-
retical values mG, , mDK, and mHB are calculated according
to Refs. [7, 8] and See. II of this paper, respectively.

In order to facilitate the comparison of our experi-
mental results with other available experimental data
obtained at different electron densities N„ the average
measured Stark widths m in Table II are normalized
to N, = 1.0 x 10i7 cm s. We assumed a linear depen-
dence of the Stark widths of the spectral lines of isolated
nonhydrogenic ions upon electron density, as has been

verified within experimental errors (for both widths and
shifts) in a number of experiments (see, e.g. , Refs. [1, 7,
51,52]). As discussed above, Debye shielding of ion radia-
tors from the influence of perturbing electrons is expected
to play a minor role in the broadening under our plasma
conditions. Therefore, scaling of experimental results to
the same value of electron density should not introduce
a large uncertainty into the comparison. Unfortunately,
reliable investigations of the dependence of Stark widths
on the electron temperature are almost completely miss-
ing, making scaling with electron temperature T, rather
uncertain. In order to take into account the i'(T, ) de-
pendence in the comparisons in a appropriate way, ratios
of average measured Stark widths tU to the theoreti-
cal widths tvG, toDK, and uiHii are given in Table II. In
this way the theoretical dependence iii(T, ), which varies
from one theoretical approach to the other, is introduced
into the comparison. To illustrate this, the experimental

TABLE I. Experimental Stark widths m (FWHM) of investigated 3s-3p and 3p-3d transitions in NeII —NevI and F Iv—F v. Experimental
results are compared with theoretical widths mG calculated after Ref. [7], nDK after Ref. [8], and mHg (Sec. II).

Ion

Ne II

Transition array

2p 3s—2p ( P)3p

(No. }
4P 4Do

(2)

(nm)

333.484

336.063

(104 K)

7.3 + 12%
8.2 + 5%
7.3 6 12%
8.2 6 5%

Multiplet Wavelength Temperature Electron
density

(10 cm }
1.90 + 17%
2.68 + 17%
1.90 + 17%
2.68 + 17%

(nm)

0.120 + 10%
0.166 6 8%
0.100 + 12%%uo

0.129 + 12%

1.11
1 ~ 14
0.93
0.87

~HB

0.59
0.58
0.48
0.44

Ne III

Ne Iv

FIv

Nev

Fv

Ne vI

2p 3p—2p ( P)3d

2p 3s-2p ( S )3p

2p3 3s~—2p3 (2Do )

2p 3p'-2p ( D )3d'

2p 3s"-2ps ( P' )3p"

2p'3p"-2p'('P'}3d"

2p2 3s—2p2 (3P)

2p 3s' —2p ( D)3p'

2p3s-2p( P )3p

2p3s-2p( P )3p

2s2p3s-2s2p( P )3p

2s2p3s-2s2p( P )3p

2p-2 po
(7)

2Do 4F
(19)

5So 5P
(11 Uv)

3SQ 3P
(12 Uv)
3DO 3D

3DO 3F

1Do 1F

1F 1go

lpo lD

lD 1FO

4P 4Do

2D 2FO

3Po 3D

3PQ 3D

4po 4D

4Po 4D

332.374
337.828

336.720

338.846

259.000
259.355

267.790

277.763

261.006

286.672

227.358

247.339

250.704

235.252
235,796

228.579
229.349

282.074

226.571

270.230

225.322

7.3 + 12%%uo

7.3 + 12%
8.2 + 5%

7.3 + 12%
8.2 + 5%
7.3 + 12%%uo

8.2 + 5%

8.5 + 9%
8.5 6 9'%%uo

8.5 + 9%

8.5 + 9%

8.5 + 9%

8.5 + 9%

8.5 + 9%

8.5 + 9%

8.5 + 9%

8.5 + 9%
8.5 + 9%

8.5 + 9%
8.5 + 9%

12.2 + 17%%uo

11.0 + 20%
16.7 + 15%%uo

29.8 + 29%

16.7 + 15%

29.1 + 24%
29.8 + 29%

1.90 + 17%
1.90 + 17%
2.68 + 17%

1.90 + 17'%%uo

2.68 + 17%
1.90 + 17%
2.68 + 17%%uo

2.72 + 16%
2.72 + 16%

2.72 + 16%%uo

2.72 + 16%

2.72 + 16%

2.72 + 16%

2.72 + 16%

2.72 + 16%

2.72 + 16%

2, 72 + 16%
2.72 + 16%

2.72 + 16%
2.72 + 16%

0.94 6 9%%uo

1.36 + 11%%uo

1.57 + 16%

2.85 + 10%

1,57 + 16%%uo

2.05 + 17%
2.85 + 10%

0.146 + 15%
0.155 6 15%
0.151 + 14%

0.184 6 10%
0.246 + 12%
0.216 + 15%
0.219 + 15%

0.093 + 15%
0.100 + 15%

0.114 + 8%

0.104 + 5%

0.106 6 14%

0.123 6 5%%uo

0.078 6 8%

0.090 k 11%

0.107 + 13%

0.079 + 11%
0.080 + 11%

0.076 + 10%
0.070 + 18%

0.050 + 15%
0.064 + 9%
0.072 + 9%

0.064 + 13%

0.071 + 18%

0.057 + 8%
0.072 + 10%

0.70
0,75

0.74

0.69

0.79

0.72

0.56

0.69

0.60

0.97
0.98

0.96
0.87

1.13
0.98
1.03

1.28

1.39

1.88
1.78

1.20
1.27
0.91

1.03
1.02
1.21
0.90

1.15
1.23

1.23

1 ~ 16

1.31

1.19

1.09

1 ~ 15

1 ~ 15

1.33
1.36

1.36
1.25

1.61
1.42
1.56

1.71

1.90

2.32
2.22

0.63
0.65
0.45

0.46
0.44
0.53
0.38

0.87
0.93

0.90

0.84

0.95

0.88

0.76

0.84

0.80

1.15
1.16

1.15
1.04

1.32
1.16
1.18

1.32

1.52

1.86
1.70
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TABLE II. Comparisons of average measured (m ) and calculated [tso [7], uroK [S], and mHs (Sec. II)] Stark widths at electron density
N, = 1 X 10 cm for NeII, NeIII, and NeIV lines. (Pres. denotes present work. )

Ion

Ne II

Ne III

Ne Iv

Transition array

2p 3s—2p ( P)3p

2p43p-2p4('P) 3a

2p 3s-2p ( 8 )3p

2p 3s'-2p ( D )3p'

2p23s —2p2 (3P)3p

p23s 2p2(1 D)3p

Multiplet

(No. )
4p 4Do

(2)

2p 2po
(7}

2Do 4F
(19}

'S -'P
(11 Uv)

3S0-3P
(12 vv)

3DO 3~

3DO 3F

4p 4Z)0

2D 2FO

Temperature
(104 K)

2.8
2.7

3.0—4,0
7.3
8.2

2.8
3.G—4.0

7,3
8.2

3.0-3.5
7.3
8.2

3.4
8.5

3.4
8.5

3.4
8.5

3.4
5.9
8.5

5.9
8.5

5.9
8.5

/(m. x 10-'7)
(10 nm)

0.161
0.147

0.117-0.102
0.056
0,055

0.136
0.130-0,147

0.079
0.056

0.161—0.163
0, 105
0.087

0.050
0.035

0.065
0.042

0.054
0.038

0.047
0.044
0.039

0.032
0.029

0.029
0.028

0.79
0.73

0.90
0.74

0.77
0.69

0.75
0.82
0.79

0.86
0.98

0.89
0.92

~DK

1.83
1.66
1.38
1.02
1.00

1.38
1.37-1.78

1.24
0.91

1.12-1.23
1.12
0.96

1.10
1 ~ 19

1.25
1.23

1.07
1.16

1.04
1.34
1.31

1.25
1.35

1.20
1.31

1.41
1.28
0.96
0.54
0.51

1.06
1.02—1.16

0.64
0,49

0.73-0,75
0.50
0.41

1.15
0.9G

1.27
0.90

1.07
0.84

1.04
1.04
0.95

1.19
1.16

1.11
1.10

Ref.

[53]
[54]
[55]

pres,
pres.

[54]
[55]

pres.
pres.

[55]
pres.
pres.

[56]
pres.

[56]
pres.

[56]
pres.

[56]
[57]

pres.

[57]
pres.

[57]
pres.

Stark widths normalized to N, = 1.0 x 1017 cm s for Ne
II 3s 4P—3p 4D' transitions are given in Fig. 2, together
with semiclassical results from Table V of Ref. [7], those
obtained from the modified semiempirical formula [8] and
from the classical-path approximation (see Sec. II).

Comparison of other experimental data with our exper-
iment shows good agreement, well within the estimated
uncertainties. The largest discrepancy was detected for
NeII Ss 4P 3p 4D' lines, —see Table II and Fig. 2. We
observed NeII lines in the recombination phase of the
discharge when the NeIII lines disappear. This should
ensure that Ne II ions are also distributed homogeneously
in the plasma column. Although the agreement is within
the error bars, the spread of experimental data in Fig. 2
is rather large. To clarify the tii(Te) dependence in this
case, a new experiment in the low-temperature region
would be very desirable.

The comparison between our experiment and the the-
ories [7, 8] and Sec. II, see Table I, shows that the the-
oretical results are in agreement with the experiment to
within the estimated uncertainties of both the theories
(+50'Fo) and the experiment, with the exception of the
Ne vI values. However, the systematic change of the ra-
tio of experimental and theoretical results from lower to
higher ionization stage may be an indication of inade-
quacy in the theories. The simplified semiclassical results
(after Ref. [7]) show better agreement at higher ioniza-
tion stages, while the modified semiempirical formula [8]

0.20

0.18

0.16

17 —3
N =10 CITI

e

E 0.14

0.12

0.10

0.08

0.06
M

0.04

0.02

0.00
10 20 7060

3
Temperature (10 K)

5030 80 90

FIG. 2. Comparison of Stark width data for the Net?
3s 4P 3p D' lin—es. Experimental results: l7, Ref. [53]; A,
Ref. [54]; 0, Ref. [55); o, present results. Error flags include
authors' uncertainty estimates in both half-width and electron
density measurements. Theoretical results:, semiclassical
after Ref. [7], Appendix V; —,evaluated from a modified
semiempirical formula [8]; - - -, classical-path approximation
(Sec. II).
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seems to be better suited for the low ionization stages.
Calculations performed as discussed in Sec. II give values
which lie between those two.

In order to determine whether an undetected system-
atic error in our experiment had influenced the compari-
son with the theory, other experimental results along the
isoelectronic sequence of carbon for the 2p3s —2p( P') 3p
triplet transitions are shown in a comparison given in Ta-
ble III. The systematic change of the ratio of experimen-
tal to theoretical values shows a similar trend as detected
in Table I and in Ref. [2]. Unfortunately, all results for
higher ionization stages (Tables I and III and Ref. [2])
are obtained with the same plasma source and the same
experimental procedure. It would be desirable, therefore,
to have results from other plasma sources and with other
diagnostic techniques before drawing a final conclusion
on the discrepancy between experiments and theories.

V. THEORETICAL CONSIDERATIONS

While the calculated results on the whole fall within
the total (random plus systematic) error limits associated
with the measurements in the case of the Ne rtr —Ne v and
the F Iv lines, agreement in the case of Ne II is unexpect-
edly poor, especially in the light of earlier success with
the present method [17—19, 43] (also evident in the bet-
ter agreement with other measurements listed in Table
II). Apart from atomic structure considerations men-
tioned above (see Sec. II), it should be mentioned that
the approximate treatment of the strong collision contri-
butions should not be expected to influence the results
in such a major way in the case of Neer, the strong col-
lision contributions being under 20% in all cases. Only
a much stronger temperature dependence in the calcu-
lations would enable all sets of data in Table II to be

satisfied simultaneously. The reader might note that our
strong collision contributions for singly charged radiators
are appreciably smaller than typical values tabulated in
Ref. [7], which are in turn quoted from Ref. [66]. This
may perhaps be understood in the following way: in this
calculation [66], the authors make no explicit distinction
between elastic and inelastic contributions to the broad-
ening, and thus part of the role of the inelastic term has
been taken up by their "strong" contribution to the line
widths. Indeed, the demarcation between "strong" and
"weak" in Ref. [66] is described there as being "some-
what arbitrary. " A more explicit partition into elastic
and inelastic contributions was later made in Ref. [67],
which represents a further development of the treatment
in Ref. [68].

Apart from the somewhat anomalous case of Nett, the
general deterioration (systematic increase in the ratio

/w, h) in going from lower to higher ionization stages
remains to be discussed. Explanations for these obser-
vations could be attempted in the following terms: the
general deterioration in the validity of the impact approx-
imation with increasing ratio of density to temperature,
the possible need to include higher-order multipole series
contributions to the interaction energy, the increasing
importance of the optically forbidden collision-induced
transitions in higher-Z ions, the need to refine the expres-
sion for the strong collision contribution, and far more
significant contributions from ion perturbers than have
been allowed for here. In addition, the role that highly
curved trajectories in the Kramers limit [16, 69] might
play in invalidating the lower impact parameter cutoK,
and the effect of dielectronic satellites in d.ense, colder,
recombining plasmas [70] (the latter, however, produc-
ing significant asymmetries which are absent here) have
been considered. The role of highly curved trajectories
as a possible source of error in classical-path calculations

TABLE III. Comparisons of average measured (ur ) and calculated Stark widths (uiG after Ref.
[7] and zuDK after Ref. [8]) for N tt, 0 ttt, F tv, and Nev ions [2p3s —2p( P')3p transition of carbon
sequence, triplets]. The values for 3kT/2~DE~ represent the ratio of the thermal electron energy to
the energy difFerence with the nearest perturbing level.

Ion

N rr

Multiplet
3Po 3Q
P-P

3Po 3S

uim/uiG ~m ~DK

1.22
1.32
1.12
0.79
1.13
1.32
0.76
1.94

3kT/2i b,E[
2.14
1.36
1.41
1.00
1.43
2.23
3.28
1.89

Ref.

[58]
[59]
[60]
[61]
[62]
[58]
[63]
[58]

0 rrr P'- D
P-P
P'- S

0.78
0.82
1.04
0.89

1.03
1.09
1.46
1.24

1.65
1.67
2.68
2.68

64]
64]
65]
65]

F IV 3Po 3D 1.05 1.53 3.33 present expt.

Nev 3Po 3D 1.28 1.71 4.71 present expt.
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was estimated as of minor importance in Ref. [66], and is
also considered in Ref. [68]. We comment briefiy on the
four major lines of attack.

The impact approximation, a major cornerstone of this
calculation, is in fact a high-velocity, low-density approx-
imation, and its validity for such plasmas as considered
here should therefore be verified. Validity criteria de-
rived earlier [19, 20] are, however, comfortably satisfied
in all cases. Nevertheless, these criteria may be too opti-
mistic on quantum-mechanical grounds: Barnes [38] long
ago considered the possibility that the perturbing elec-
tron, on striking a resonance, be temporarily captured
before autoionization occurs, thus introducing a time de-
lay which could invalidate the impact approximation. He
was able to show that, for the singly charged ions under
consideration, the impact approximation remains valid
even in the resonance regions. This effect, which of course
cannot be calculated in the classical-path approximation,
may conceivably play a greater role for the high-Z ions
in environments where fulfillment of the necessary cri-
teria is in any case more critical. Proper consideration
of optically forbidden collision-induced transitions [24]
is again facilitated by quantum-mechanical calculations.
Some interesting features are also seen in the work of Hey
and Blaha [28] for singly ionized radiators, notably unex-
pectedly high monopole and quadrupole (predominantly
monopole) contributions to the broadening. One might
again anticipate that the monopole terms would increase
in importance with Z, their role in the strong collision
contributions to the shifts, for example, having already
been shown to be dominant [71]. The need to refine the
relatively crude strong collision term has been suggested
in the literature [22, 72]. Although this is clearly desir-
able, the question may also be asked whether the simple
demarcation into strong and weak collision regimes does
not require a further degree of refinement. A concrete
example of what different calculations yield for the rela-
tive contributions to the broadening may be of interest to
the reader at this point. Calculations of the hydrogenic
C vI line at 343.4 nm by Kepple and Griern [67] yield, for
typical plasma conditions of interest, roughly the follow-
ing: broadening by ion perturbers, 67'%%uo', broadening by
electron perturbers, 15% strong (total), 6%%uo weak elas-
tic, 12'%%uo weak inelastic. For the case of NevI we have

for our conditions typically electron impact broadening,
50%%uo strong (total), 3'%%uo weak elastic, 47%%uo weak inelas-
tic. The latter values are in reasonable conformity with
earlier findings for 0 VI [2].

Finally, it is plausible that the ion perturbers could
play a far more important role [72] than the compara-
tively simple estimates used here suggest.

It is clear that the present study has left many ques-
tions related to the broadening of ion lines unanswered,
but may serve as a stimulus for new approaches to some
old problems in spectral line broadening.

VI. CONCLUSIONS

We have reported results of Stark width measurements
of isolated spectral lines of NeII, NetII, Nelv, Nev,
Ne vi, F Iv, and F v in the plasma of the gas-liner pinch.
Our results are compared with other available experi-
mental data and theoretical results calculated by the
simplified semiclassical [7], modified semiempirical [8],
and a classical-path (see Sec. II) approximation. Al-
though other experiments were performed at different
electron temperatures, thus complicating the compari-
son, the agreement is good and well within the estimated
uncertainties (especially for Z = 3 and Z = 4). The
largest discrepancy is detected for the Ne II 3s 4P 3p 4D'—
transition; see Fig. 2. A comparison with the theoreti-
cal results [7, 8] and Sec. II of this paper shows agree-
ment within the estimated uncertainties of both theory
and experiment. However, a systematic change of the ra-
tio of the experimental and theoretical results from one
ionization stage to another is detected. To resolve this
systematic discrepancy, further work, both experimental
and theoretical, is required.
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